InGaAs/GaAs vertical-cavity surface-emitting lasers (VCSELs) are fabricated by a thermal selective wetoxidation confinement technique. Post-oxidation annealing in a nitrogen environment at high temperatures is then conducted to improve the performance of the oxide-confined InGaAs/GaAs VCSELs. The optimum post-oxidation annealing conditions are determined by changing the furnace temperature and annealing time. Compared with a unannealed laser device, the light output power increases by about 12%. An aging test is carried out to examine the reliability of the annealed oxide-confined VCSEL device. The temperature dependence of the lasing wavelength of the annealed oxide-confined VCSELs is also investigated.
Vertical-cavity surface-emitting lasers (VCSELs) are a relatively new class of semiconductor lasers. The novelty lies in their monolithic fabrication and surface-emitting feature [1] . The fabrication of VCSEL devices was first reported in 1979. Since then, VCSELs fabricated with etched pill, implanted, re-growth, and oxide-confined structures have been reported [2] . Among these structures, oxide-confined VCSELs have exhibited excellent performance, including such as high wall-plug efficiency, low threshold current, and high frequency modulation capability. These characteristics are due to the efficient optical mode and current confinement completed by the oxidation of AlAs or AlGaAs with abundant Al components [3] . The thermal selective wet oxidation confinement technique is widely used to fabricate infrared VCSELs such as 850 and 980 nm VCSELs [4, 5] . Various papers have reported the control of thermal wet oxidation processing conditions [6, 7] . Stable lateral oxidation is achieved by wet oxidation at 380-430
• C, and the oxide layer width can be determined by optical microscopy or scanning electron microscopy [8] . The wet oxidation process induces the formation of interface oxide traps, whose trap density has been investigated by a capacitance technique [9] . Post-oxidation annealing in a nitrogen environment at high temperatures can reduce the interface trap density and improve the characteristics of the device [10] . This kind of post-oxidation annealing can benefit oxide-defined VCSEL fabrication to improve the lasing performances. Indeed annealed 850 nm GaAs/AlGaAs VCSELs with an increase in light output power as high as 18% was reported [11] . However, to the best of our knowledge, the performance of the annealed VCSELs has not been detailed.
In this letter, the performance of 980-nm InGaAs/GaAs oxide-confined VCSELs subjected to postoxidation annealing in a nitrogen environment at high temperatures was demonstrated. The optimum conditions for the post-oxidation annealing process were determined, and an approximately 12% increase in the light output power was observed. Given that the reliability of a laser device is also crucial to all laser device applications, an aging test was also conducted to examine the reliability of the annealed oxide-confined VCSELs. Finally, the temperature dependence of the lasing wavelength of the annealed VCSELs was also investigated.
VCSEL epitaxial wafers were grown on n + -GaAs (100) substrates by low-pressure metal organic chemical vapour deposition. The schematic of the device structure is shown in Fig. 1(a) . The active region had three In 0.2 Ga 0.8 As/GaAs quantum wells, and the emission wavelength of the device was designed to be about 980 nm. Two AlGaAs claddings were used to build the one-wavelength-thick cavity. The p-type distributed Bragg reflector (DBR) consisted of 35.5 pairs of Al 0.9 Ga 0.1 As/Al 0.12 Ga 0.88 As. A 30-nm-thick Al 0.98 Ga 0.02 As layer was located between the active region and the p-type mirror. This layer was oxidized and converted to Al x O y in the process of realizeing carrier and optical confinement. The n-type DBR had only 25.5 pairs of Al 0.9 Ga 0.1 As/Al 0.12 Ga 0.88 As to achieve bottom emission through the GaAs substrate.
Wet chemical etching was performed to define a 200-µm-diameter circular mesa. To form the current confinement aperture, thermal selective oxidation was carried out at furnace temperature 400
• C, N2 flow rate of 0.5 L/min, water bubbler temperature of 90
• C, and stable oxidation rate of 0.3 µm/min. A quartz tube furnace equipped with a resistance heater was used to control the process duration precisely. The oxidation depth into the mesa of the device was about 3 µm, and the oxide-aperture diameter was about 194 µm.
After oxidation, the surface of the sidewall of the mesa and the exposed active region were passivated with a Si 3 N 4 passivation layer. The p-type Ti-Pt-Au contact on the top of the mesa was evaporated to serve as a metal pad for soldering. The GaAs substrate was thinned and polished down to about 130 µm to minimize its contribution to the series resistance, and an antireflection (AR) coating was deposited on the emission window. The n-type Au-Ge-Ni electrical contact was deposited such that the emission window was surrounded. A thick Au layer was deposited on the top of the n-type electrical contact. The Au layer makes an ohmic contact with the substrate. Rapid thermal annealing was performed to reduce the metal contact resistance, and laser devices were tested under pulsed operation. To determine the optimum processing conditions, the laser devices were post-annealed in the furnace in a nitrogen environment at different furnace temperatures for different annealing durations.
The VCSELs operated at room temperature and under a pulsed condition with a pulse width of 50 µs and repeat frequency of 10 kHz. The measured emission spectrum of the device is shown in Fig. 1(b) . The lasing peak wavelength is at 980.3 nm, and the full-width at halfmaximum of the lasing spectrum is 0.8 nm. Figure 2 shows the change in the light output peak power (in percentage values) of the devices at different post-oxidation annealing temperatures for 40 min. Postoxidation annealing at low temperatures has little effect on the light output power change. Beyond 380
• C, the light output power then rapidly increases. Near 400-410
• C, the light output peak power improves. An increase (>10%) in the light output power is obtained after annealing at about 400
• C in a nitrogen environment. Thus annealing at about 400
• C is the optimum annealing temperature. Higher temperatures may have some negative effects on the metal contact in the device because the rapid thermal annealing temperature required to reduce metal contact resistance is about 410
• C. The increase in light output power can be attributed to the annealing of trapped charges in the oxide in the VC-SEL mesa structures during the oxidation process [11] . Post-annealing oxidation was also carried out at 400
• C for different annealing time to determine the optimum duration, and the results are shown in Fig. 2 (inset) . Light output power initially increases with the annealing time. After 40 to 60 min, the light output power begins to saturate. Therefore, the optimum conditions for postannealing are 40 to 60 min and 400
• C. The light output power-injection current (L − I) curves of an oxide-confined VCSEL before and after annealing at 400
• C for 40 min are shown in Fig. 3 . The visible increase in light output peak power from the annealed device can be observed. The maximum light output power increases from 400 to 450 mW, which corresponds to an increase of about 12%. The maximum wall plug efficiency increases from the pre-annealing value of 9.6% to 11.2%, as shown in Fig. 3 (inset) . The current-voltage characteristics of the annealed and unannealed devices are also measured, and a slight voltage drop in the annealed device is observed. The threshold current decreases to 0.35 A from the pre-annealing value of 0.38 A. During wet oxidation, the formation of aluminum hydroxides is expected [12] . After annealing, most of the absorbed water evaporates, and the hydrogen concentration determined by the chemically bound H (in the form of aluminum hydroxides) can be strongly reduced. The interface charge density in the electrical confinement region is correspondingly reduced. Electron confinement is then significantly enhanced in the annealed lasers, resulting in reduced threshold current and improved output performance. Upon wet oxidation, stress buildup occurs due to the volume shrinkage of the high-Al-concentration layer. The thermal annealing process can relieve the stress between the oxide layer and the semiconductor materials when the samples are treated at high temperatures in a nitrogen atmosphere. Stress relaxation can result in better mechanical stability of the oxide-confined VCSELs.
The reliability of VCSEL devices is also very important in many practical applications. Therefore, an aging test was carried out to investigate the performance stability of the annealed oxide-confined InGaAs/GaAs VCSELs. We fabricated several VCSELs from the same wafer by the same procedure. Post-annealing process was carried out at 400
• C for 40 min. The devices were soldered onto a copper heat sink using an Au-Sn solder. For aging test, the devices were packaged and subjected to continuous wave (CW) operation at high temperatures. Figure 4 shows the results of the aging test of the randomly selected annealed oxide-confined InGaAs/GaAs VCSELs. During the test, the devices were driven under a constant current of 700 mA and the temperature was controlled at 70
• C. The values of the change in the light output power of the devices are shown in percentage in Fig. 4 . No sudden power drop is observed during the entire aging test, and the total degradation of light output power is 7.1% on average after a 700-h test. After the aging test, the devices do not fail. Therefore, the improvement in the light output power via the post-oxidation annealing is reliable. Figure 4 (inset) shows the experimental results of the aging test of the unannealed oxide-confined VCSELs under the same operation conditions of 70
• C and 700-mA constant current. The total degradation is 8.2% on average, which is higher than the value of the annealed devices.
122501-2 Finally, considering that wavelength stability is also important in device applications, the temperature dependence of the lasing wavelength of the annealed oxideconfined VCSELs was investigated by changing the device substrate temperature. The wavelength shift with temperature is about 0.06 nm/
• C, as shown in Fig. 5 . The shift rate is typical of VCSEL devices [13] . Therefore, the annealed VCSELs also show lasing wavelength stability.
In conclusion, InGaAs/GaAs VCSELs are fabricated by an oxidation confinement method, and the performance is improved by post annealing. Under the optimum conditions of 400 • C furnace temperature for 40 to 60 min, an approximately 12% increase in the light output power is obtained. This result can be attributed to the reduced interface charge intensity by heat treatment. An aging test of the annealed oxide-confined InGaAs/GaAs VCSELs reveals that the annealed device shows higher stability. The wavelength shift with temperature is also found to be about 0.06 nm/
• C, which is typical of VCSEL devices. We believe that the annealing process can be widely used in VCSEL fabrication; AlAs (or AlGaAs with abundant Al components) oxide can be used as a carrier and optical confinement to improve the lasing performance. The oxidation apertures formed by the oxidation of AlAs may be more strained and thus be disadvantageous for the devices. Therefore, AlGaAs with abundant Al components are a good choice.
